Introduction {#s1}
============

Natural killer (NK) cells are innate lymphocytes capable of mediating both cytotoxicity and cytokine production in response to transformed or virally infected cells ([@bib50]; [@bib54]). Humans with NK cell deficiency are more susceptible to viral infection, especially herpesviruses ([@bib40]). Their natural killing potential makes NK cells an ideal candidate for immunotherapy against various tumors, and NK cell adoptive transfer has been explored as promising adjuvant therapy ([@bib5]; [@bib37]; [@bib46]). Given the importance of NK cells, it is critical to define the essential developmental programs that regulate their homeostasis and maturation.

NK cells develop in the bone marrow (BM) and progress through distinct differentiation stages ([@bib9]). Expression of IL-15/IL-2 receptor β chain (CD122) defines the commitment of common lymphoid progenitor (CLP) cells to the NK cell lineage ([@bib45]). Recently, the cell surface markers-defined NK cell progenitors (NKP) have been refined as Lin^−^Flt3^−^CD27^+^2B4^+^CD127^+^CD122^+^NK1.1^−^ cells ([@bib3]; [@bib12]). Committed NKPs differentiate into immature (iNK; Lin^−^CD122^+^NK1.1^+^DX5^−^) and eventually mature NK cells (mNK; Lin^−^CD122^+^NK1.1^+^DX5^+^) ([@bib9]; [@bib28]; [@bib45]; [@bib58]). Development of NK cells following NK1.1 expression is further defined into three groups based on CD27 and CD11b expression ([@bib20]; [@bib28]). Adoptive transfer experiments have demonstrated that CD27^+^CD11b^−^ (CD27 single positive, SP) NK cells differentiate into CD27^+^CD11b^+^ (double positive, DP) cells. DP NK cells down-regulate CD27 to mature into CD27^−^CD11b^+^ (CD11b SP) cells, the terminally matured NK cell population which expresses KLRG1 ([@bib4]; [@bib22]).

NK cell differentiation is driven by stage-specific transcription factors including Eomesodermin (Eomes) and T-bet which play critical roles in distinct maturation stages of NK cells ([@bib6]; [@bib15]; [@bib53]). Genetic knockout models demonstrated that Eomes is essential in driving maturation of CD27 SP to DP NK cells, while T-bet governs the terminal maturation of the DP to CD11b SP NK cells ([@bib15]; [@bib53]). Although the transcription factors involved in NK cell development at different maturation stages are established, the intracellular signaling pathways that regulate these transcription factors have not been well-defined.

mTOR is an evolutionarily conserved serine/threonine kinase that forms two functionally distinct complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) ([@bib48]; [@bib59]). Raptor and Rictor are the defining components of mTORC1 and mTORC2, respectively ([@bib19]; [@bib24]; [@bib27]; [@bib47]). These complexes regulate cell growth, proliferation, and metabolism and play an indispensable role in immune cells ([@bib43]; [@bib48]; [@bib56]; [@bib59]). The activation of mTORC1 involves the canonical PI3K-PDK1-Akt-TSC1/2-mTORC1 pathway ([@bib48]; [@bib62]). Although less is known about the upstream activator of mTORC2, PtdIns(3,4,5)P~3~, which is generated by PI3K ([@bib57]), has been shown to be critical ([@bib32]). mTORC2 is known to phosphorylate Akt at Serine 473 and increase its kinase activity ([@bib18]). Whether this increased Akt kinase activity mediated by mTORC2 is critical for mTORC1 activation in physiological content remains unknown.

Signaling through IL-15 receptors is obligatory for NK cell development ([@bib10]; [@bib25]; [@bib51]), and activation of PI3K is one component of IL-15 receptors signaling ([@bib17]; [@bib64]). These imply that both mTORC1 and mTORC2 are essential for NK cell development. Indeed, *Ncr1^iCre^*-mediated NK-cell-specific ablation of mTOR results in impaired development and effector functions ([@bib34]). While this study reveals the requirement of mTOR itself, the independent contributions of mTORC1 or mTORC2 in NK cell development remain undefined. The primary limitation of interpreting mTOR deficiency is the inability to attribute the functional and developmental outcomes to precise signaling pathways and transcription factors that are uniquely regulated by either mTORC1 or mTORC2. Previous studies have demonstrated that PDK1, an upstream activator of mTORC1, regulates early NK cell development by inducing Nfil3 which drives the transcription of *Eomes* ([@bib61]). FoxO1, a downstream effector of mTORC2, negatively regulates the terminal maturation of NK cells through direct inhibition of the transcription of *Tbx21* (the gene encoding T-bet) ([@bib8]). Based on these, we hypothesized that mTORC1 and mTORC2 regulate NK cell development through differentially driving the expression of distinct T-box transcription factors.

To test this hypothesis, we conditionally deleted Raptor (*Rptor*) or Rictor (*Rictor*) to eliminate the formation of mTORC1 or mTORC2, respectively, in NK cells by using *Ncr1^iCre^* transgenic mice ([@bib39]). We find both mTORC1 and mTORC2 are essential for NK cell development. The ablation of mTORC1 disrupts NK cell homeostasis and blocks the transition of the CD27 SP to DP stage. RNAseq analyses reveal significant alteration of the gene expression profile in Raptor-deficient NK cells with impaired expression of transcription factors governing early NK cell development. Loss of mTORC2 blocks the transition of the DP to the terminally mature CD11b SP NK cells. This defect is associated with impaired induction of T-bet through a mechanism involving the mTORC2-Akt^S473^-FoxO1 signaling axis. These findings reveal distinct roles of mTORC1 and mTORC2 in NK cell development and define them as the upstream regulators of T-box transcription factors during NK cell development.

Results {#s2}
=======

mTORC1 is critical for homeostasis and differentiation of NK cells {#s2-1}
------------------------------------------------------------------

To define the role of mTORC1 in NK cell homeostasis, we generated NK-cell-specific conditional knockout (cKO) mice by breeding *Rptor^fl/fl^* mice (*loxp* sites targeting exon 6) with *Ncr1^iCre^* knockin mice. Expression of Cre driven by *Ncr1* promoter resulted in the deletion of *Rptor* and functional loss of mTORC1 during the immature NK cell stage. Loss of Raptor protein in NK cells was verified by western blot ([Figure 1A](#fig1){ref-type="fig"}). Phenotypic analyses revealed that the frequency of NK cells was increased in the BM of *Rptor* cKO compare to WT mice, while percentages of NK cells in the periphery were significantly reduced ([Figure 1B](#fig1){ref-type="fig"}). The lymphocytes counts were comparable between WT and *Rptor* cKO mice in both BM and spleen ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}).

![mTORC1 is essential for NK cell homeostasis and maturation.\
(**A**) Raptor expression in freshly-isolated NK cells from WT and *Rptor* cKO mice was evaluated via western blot. (**B**) CD3, NK1.1 staining of cells from various organs (left) and quantification of NK cells in each organ of WT and *Rptor* cKO mice (right). n = 4--8 pooled from two to four independent experiments. (**C**) Ki-67 staining was used to assess steady-state proliferation of NK cells gated on CD11b^−^ population (left), and percentage of Ki-67^+^ cells (right). n = 3 pooled from three independent experiments. (**D**) Percentage of NK cells that are in the sinusoidal compartment of BM was demonstrated by CD45.2 staining (left) and quantified as both percentage and number of CD45.2^+^ NK cells per million lymphocytes (right). n = 3 pooled from three independent experiments. (**E**) CD27 and the CD11b expression on gated NK cells from BM and spleen of WT and *Rptor* cKO mice were assessed by flow cytometry (left), and percentages of each NK subsets were quantified (right). n = 7 pooled from three independent experiments. (**F**) The KLRG1 expression on gated NK cells from BM and spleen of WT and *Rptor* cKO mice (left) and percentage of KLRG1^+^ cells within NK populations from different organs (right). n = 4 pooled from two independent experiments. All bar graphs present the mean ± SD. Statistical significance was calculated using two-way ANOVA (**B, C, E, F**) or unpaired Student t-test (**D**). \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.](elife-35619-fig1){#fig1}

To explain the reduced NK cell number in the periphery of *Rptor* cKO mice, we investigated cell proliferation, migration, and viability. The percentage of proliferating NK cells was significantly reduced in *Rptor* cKO mice at steady-state, as evidenced by Ki-67 staining ([Figure 1C](#fig1){ref-type="fig"}). Increased cell number in the BM suggested a potential impairment in the trafficking of NK cells. To test this, WT and *Rptor* cKO mice were intravenously injected with an anti-CD45.2 antibody, sacrificed after 2 min, and their BM cells were analyzed. This allowed us to quantify the number of NK cells in the sinusoidal versus parenchymal regions of the BM, an indicator of NK cell trafficking under steady state ([@bib31]). The frequency and number of CD45.2^+^ NK cells were significantly reduced in *Rptor* cKO mice, indicating impairment in the trafficking of NK cells ([Figure 1D](#fig1){ref-type="fig"}). There were no differences in cell viability between WT and *Rptor* cKO NK cells, as demonstrated by Annexin V and Propidium iodide staining ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). These data showed that disruption of mTORC1 impairs homeostatic NK cell proliferation and migration, but not viability.

Next, we investigated the role of mTORC1 in NK cell differentiation. Expression of CD122, NK1.1, and DX5 indicated a reduction of the mNK population in the spleen, while the iNK population was similar between WT and *Rptor* cKO mice ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}), which matches with the onset of *Ncr1* expression occurring at the late stage of iNK. No significant changes were observed among NKPs, iNKs, and mNKs in the BM ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). We then focused our analyses on NK cell maturation using cell surface markers CD27 and CD11b. Raptor deficiency resulted in a significant block in the transition from the CD27 SP to DP stage in both the BM and periphery ([Figure 1E](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1D and E](#fig1s1){ref-type="fig"}). Consistent with this, the frequency of KLRG1-expressing NK cells was also significantly reduced in all organs tested ([Figure 1F](#fig1){ref-type="fig"}). Analyses of other activating and inhibitory cell surface receptors indicated further developmental defects including reduced expression of Ly49D, Ly49G2, and Ly49H ([Figure 1---figure supplement 1F](#fig1s1){ref-type="fig"}). Collectively, we conclude that mTORC1 is required for maintaining NK cell homeostasis through proliferation, migration, and differentiation.

mTORC2 is required for terminal maturation of NK cells {#s2-2}
------------------------------------------------------

To elucidate the role of mTORC2 in NK cell development, we crossed *Rictor^fl/fl^* mice (*loxp* sites targeting exon 11) with *Ncr1^iCre^* mice to generate conditional knockout of *Rictor* in NK cells. The loss of Rictor protein was verified by western blot ([Figure 2A](#fig2){ref-type="fig"}). Unlike *Rptor* cKO mice, loss of mTORC2 did not change frequency or number of NK cells in the BM ([Figure 2B](#fig2){ref-type="fig"}); however, the percentages of NK cells were drastically reduced in the periphery with the exception of inguinal lymph nodes ([Figure 2B](#fig2){ref-type="fig"}). The absolute numbers of lymphocytes were comparable between WT and *Rictor* cKO mice in both BM and spleen ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}). The reasons for the reduction in NK cell numbers in *Rictor* cKO mice could be due to altered proliferation, migration or viability. Ki-67 staining indicated the frequency of proliferating NK cells at steady-state was significantly reduced in *Rictor* cKO compare to WT mice ([Figure 2C](#fig2){ref-type="fig"}). Although the total numbers of NK cells in the BM were similar ([Figure 2B](#fig2){ref-type="fig"}), CD45.2 staining revealed a significantly higher number of NK cells in the parenchymal region in *Rictor* cKO compare to WT mice, implying a potential defect in their migration ([Figure 2D](#fig2){ref-type="fig"}). Rictor deficiency did not affect the viability of NK cells ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}). Together, we conclude that loss of mTORC2 results in defective NK cell proliferation and migration that lead to a reduction of their numbers in the periphery.

![mTORC2 is pivotal for NK cell homeostasis and terminal maturation.\
(**A**) Rictor expression in IL-2-cultured NK cells isolated from WT and *Rictor* cKO mice was evaluated via western blot. A representative of three independent experiments. (**B**) CD3, NK1.1 staining of cells from various organs (left) and quantification of NK cells in each organ of WT and *Rictor* cKO mice (right). n = 4--7 pooled from two to four independent experiments. (**C**) Ki-67 staining was used to assess steady-state proliferation of NK cells gated on CD27^+^ population (left), and percentage of Ki-67^+^ cells (right). n = 3 pooled from three independent experiments. (**D**) Percentage of NK cells that are in the sinusoidal compartment of BM was demonstrated by CD45.2 staining (left) and quantified as both percentage and number of CD45.2^+^ NK cells per million lymphocytes (right). n = 3 pooled from three independent experiments. (**E**) CD27 and the CD11b expression on gated NK cells from BM and spleen of WT and *Rictor* cKO mice were assessed by flow cytometry (left), and percentages of each NK subsets were quantified (right). n = 6 pooled from four independent experiments. (**F**) The KLRG1 expression on gated NK cells from BM and spleen of WT and *Rictor* cKO mice (left) and percentage of KLRG1^+^ cells within NK populations from different organs (right). n = 3--4 pooled from two or three independent experiments. All bar graphs present the mean ± SD. Statistical significance was calculated using two-way ANOVA (**B, C, E, F**) or unpaired Student t-test (**D**). \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.](elife-35619-fig2){#fig2}

The reduced total NK cell number in the spleen of *Rictor* cKO mice was exclusively associated with a reduction in the mNK population ([Figure 2---figure supplement 1C](#fig2s1){ref-type="fig"}). Similarly, there are no significant changes among NKPs, iNKs, and mNKs in the BM ([Figure 2---figure supplement 1C](#fig2s1){ref-type="fig"}). Distinct from *Rptor* cKO mice where NK cell maturation was blocked at the CD27 SP stage, loss of Rictor impaired NK cell maturation from the DP stage to CD11b SP stage in both the BM and peripheral organs ([Figure 2E](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1D and E](#fig2s1){ref-type="fig"}). This defect in terminal maturation was further validated by a significant reduction in KLRG1-expressing NK cells in all organs tested ([Figure 2F](#fig2){ref-type="fig"}). Loss of Rictor also resulted in an altered expression profile of cell surface receptors in NK cells. Expression of activating or inhibitory Ly49 receptors was reduced, while NK1.1 and DX5 expression were increased on *Rictor* cKO NK cells ([Figure 2---figure supplement 1F](#fig2s1){ref-type="fig"}). We conclude that mTORC2 is required for the terminal maturation of NK cells, and therefore regulates NK cell development at a different stage than that of mTORC1.

mTORC1 and mTORC2 differentially regulate the expression of T-box transcription factors {#s2-3}
---------------------------------------------------------------------------------------

T-box transcription factors Eomes and T-bet are critical for NK cell maturation ([@bib6]; [@bib15]; [@bib53]). Accumulation of CD27 SP NK cells in *Rptor* cKO mice ([Figure 1E](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1D and E](#fig1s1){ref-type="fig"}) was similar to earlier findings in *Eomes^fl/fl^ Vav^Cre^* mice or Eomes-negative NK cells that naturally occur in the liver of WT mice ([@bib15]). This prompted us to evaluate the expression of Eomes in Raptor-deficient NK cells. Intracellular staining revealed a significant reduction in the protein levels of Eomes in CD27 SP, DP and CD11b SP NK cells from *Rptor* cKO mice ([Figure 3A](#fig3){ref-type="fig"}). Compare to Eomes, the expression of T-bet was minimal in NK cells within the BM ([Figure 3B](#fig3){ref-type="fig"}) that was consistent with earlier reports ([@bib6]). Loss of Raptor resulted in a moderate reduction in T-bet protein level in NK cells from the spleen ([Figure 3B](#fig3){ref-type="fig"}). On the other hand, the normal developmental progression from the CD27 SP to DP stage ([Figure 2E](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1D and E](#fig2s1){ref-type="fig"}) correlated with unaltered expression of Eomes in Rictor-deficient NK cells ([Figure 3C](#fig3){ref-type="fig"}). The defect in the terminal maturation of NK cells in *Rictor* cKO mice mimicked the maturation defects seen in *Tbx21* KO mice ([@bib15]; [@bib53]). We found the expression of T-bet indeed is significantly reduced in NK cells from the spleen of *Rictor* cKO mice ([Figure 3D](#fig3){ref-type="fig"}).

![mTORC1 and mTORC2 differentially regulate the expression of Eomes and T-bet.\
(**A--D**) Histogram of Eomes (**A, C**) and T-bet (**B, D**) expression on each NK cell population gated by CD27 and CD11b of *Rptor* (**A, B**) or *Rictor* (**C, D**) cKO mice and their corresponding WT control. The histogram in grey presents the unstained control (top). Mean fluorescent intensity (MFI) is shown as fold change normalized to WT CD27 SP population (bottom). n = 4 pooled from three independent experiments. All bar graphs present the mean ± SD. Statistical significance was calculated using two-way ANOVA. \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.](elife-35619-fig3){#fig3}

mTORC1 and mTORC2 differentially regulate the expression of CD122 and STAT5 activation {#s2-4}
--------------------------------------------------------------------------------------

Eomes binds to the promoter of *Il2rb* (gene encoding IL-15/IL-2 receptor β chain, CD122) and activates its expression ([@bib23]). Given that Eomes expression is down-regulated ([Figure 3A](#fig3){ref-type="fig"}), we asked whether or not CD122 expression is impaired in *Rptor* cKO mice. Flow analyses revealed that the expression of CD122 was significantly reduced on per cell basis in *Rptor* cKO compared to WT mice in all three subsets of NK cells from BM and spleen ([Figure 4A](#fig4){ref-type="fig"}). The expression of another subunit of the IL-15 receptor complex, the common γ chain (CD132), was not altered in *Rptor* cKO NK cells ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}). The reduction of CD122 expression in *Rptor* cKO NK cells also led to reduced STAT5 phosphorylation following ex vivo IL-15 stimulation ([Figure 4B](#fig4){ref-type="fig"}). These results indicate that besides mTORC1-mediated signaling, other passways downstream of IL-15 receptors were sub-optimal in *Rptor* cKO NK cells, which may also have potentially contributed to the developmental defects.

![mTORC1 and mTORC2 differentially regulate the expression of CD122 and STAT5 activation.\
(**A**) Histogram of CD122 expression on each NK population gated by CD27 and CD11b of WT and *Rptor* cKO mice (left). MFI of CD122 was normalized to WT CD27 SP population (right). n = 3 pooled from three independent experiments. (**B**) Splenocytes from WT or *Rptor* cKO mice were stimulated with either medium or 100 ng/mL IL-15 for 1 hr. Phosphorylation of STAT5^Y694^ was detected by phosphor-flow and shown as the representative histogram of three independent experiments. (**C, D**) CD122 expression (**C**) and IL-15-mediated STAT5 activation (**D**) in WT or Rictor-deficient NK cells. Same experimental procedures as A and B. All bar graphs present the mean ± SD. Statistical significance was calculated using two-way ANOVA. \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.](elife-35619-fig4){#fig4}

Previous reports have shown that mTORC1 activity is reduced during the transition from the DP to CD11b SP stage of WT mice ([@bib34]). We validated this observation by comparing phosphorylation of rpS6^S240/244^ and cell size between these two NK subsets from WT mice ([Figure 4---figure supplement 1B and C](#fig4s1){ref-type="fig"}). Concurrently, we found that the protein levels of Eomes were also reduced during this transition ([Figure 4---figure supplement 1D](#fig4s1){ref-type="fig"}). We also observed a similar reduction in CD122 expression in the CD11b SP compare to the DP NK cells from WT mice ([Figure 4---figure supplement 1E](#fig4s1){ref-type="fig"}). These phenotypical changes during the transition from the DP to CD11b SP stage of WT mice mimic Raptor-deficient NK cells. This implies a regulation loop among mTORC1 → Eomes → CD122 → mTORC1 that regulate the development of normal NK cells.

Similar to Eomes, T-bet has also been shown to regulate CD122 expression in T cells ([@bib23]). Therefore, we evaluated the CD122 expression and IL-15 receptor signaling in *Rictor* cKO NK cells. Unlike *Rptor* cKO NK cells that had significant reduction in CD122 expression ([Figure 4A](#fig4){ref-type="fig"}), *Rictor* cKO NK cells exhibited only a moderate reduction ([Figure 4C](#fig4){ref-type="fig"}), which was consistent with the notion that Eomes, but not T-bet, plays a critical role in maintaining CD122 expression in NK cells ([@bib23]; [@bib53]). The expression of CD132 is not altered in Rictor-deficient NK cells ([Figure 4---figure supplement 1F](#fig4s1){ref-type="fig"}). In addition, IL-15-mediated STAT5 phosphorylation was intact in *Rictor* cKO NK cells ([Figure 4D](#fig4){ref-type="fig"}).

Gene network analyses of NK cells from *Rptor* or *Rictor* cKO mice {#s2-5}
-------------------------------------------------------------------

To further explore the mechanism on how mTORC1 and mTORC2 differentially regulate the development of NK cells, we performed RNAseq analyses using FACS-sorted BM NK cells from *Rptor* cKO, *Rictor* cKO and their respective WT mice (n = 3 per group). To reduce the developmental bias, we sorted CD11b^−^ BM NK cells from littermate WT and *Rptor* cKO mice or CD27^+^ BM NK cells from littermate WT and *Rictor* cKO mice. Compared to their corresponding WT, 2963 genes in *Rptor* cKO NK cells and 829 genes in *Rictor* cKO NK cells were differentially expressed (DE; FDR \< 0.05). Of which 406 DE genes were overlapped between *Rptor* and *Rictor* cKO NK cells, indicating a more profound transcriptomic alteration in *Rptor* cKO NK cells compared to *Rictor* cKO NK cells ([Figure 5A](#fig5){ref-type="fig"}). After normalizing the level of each transcript in the *Rptor* or *Rictor* cKO NK cells to its corresponding WT, we plotted all the genes using the volcano plots, demonstrating the overall change in the transcriptomic profile ([Figure 5B and C](#fig5){ref-type="fig"}). The orange/red dots represent genes that are significantly increased, while the aqua/dark blue dots represent genes that are significantly decreased in Raptor- and Rictor-deficient NK cells compared to the corresponding WT counterparts. Several key transcripts are highlighted in [Figure 5B and C](#fig5){ref-type="fig"}.

![Transcriptome analyses of Raptor- or Rictor-deficient NK cells.\
RNAseq was conducted using CD11b^−^ BM NK cells from littermate WT and *Rptor* cKO mice or CD27^+^ BM NK cells from littermate WT and *Rictor* cKO mice. (n = 3 per group). (**A**) Venn diagram demonstrating the number of genes that are differentially expressed (FDR \< 0.05) in Raptor- or Rictor-deficient NK cells compared to their corresponding littermate WT control cells and the overlapping between those two genes list. (**B, C**) Volcano plot demonstrating the overall transcriptome alterations in Raptor- (**B**) or Rictor-deficient (**C**) NK cells compared to their corresponding littermate WT control cells. The orange/red dots represent genes that are significantly increased, while the aqua/dark blue dots represent genes that are significantly decreased in Raptor- and Rictor-deficient NK cells compared to the corresponding WT counterparts. We plotted all the genes with --Log~10~(p values) greater than 80 at the y-axis equal to 80. (**D**) A number of significantly up-regulated or down-regulated genes encoding proteins belonging to eIFs, eEFs, ribosome small (Rps) or large (Rpl) subunits family in *Rptor* cKO NK cells are quantified and presented in the bar graph. (**E, F**) Enrichment of PTEN signaling in *Rictor* cKO NK cells (**E**) and Eomes target genes in *Rptor* cKO NK cells (**F**) were demonstrated via the heatmap.\
10.7554/eLife.35619.011Figure 5---source data 1.Differentially expressed genes (FDR \< 0.05) that belong to eIFs, eEFs and ribosome protein families in *Rptor* cKO NK cells was listed in the table.This is related to [Figure 5D](#fig5){ref-type="fig"}.](elife-35619-fig5){#fig5}

Ingenuity Pathway Analysis (IPA) revealed distinct gene ontology enrichment in *Rptor* and *Rictor* cKO NK cells. As downstream targets of mTORC1, the top three significantly enriched signaling pathways in *Rptor* cKO NK cells are eIF2, eIF4/P70S6K, and mTOR signaling (p=5.53 × 10^−23^, 2.15 × 10^−14^, and 4 × 10^−14^, respectively), consistent with mTORC1 being the bona fide regulator of protein synthesis ([@bib52]). Unexpectedly, the Z-scores of those three pathways are positive (Z-score = 3.833, 0.894, and 0.73, respectively), which indicates higher translational activity in *Rptor* cKO NK cells. After a thorough examination of the molecular signature of those three enriched pathways, we found that Raptor deficiency results in increased transcription of genes encoding proteins that comprise the translation machinery such as eIFs, eEFs and ribosome proteins ([Figure 5D](#fig5){ref-type="fig"}, [Figure 5---source data 1](#fig5sdata1){ref-type="supplementary-material"}). This not only explains the positive Z-scores of those three pathways but also reveals that compensatory pathways are initiated in *Rptor* cKO NK cells to overcome the impaired protein translation.

IPA analyses also demonstrated impaired oxidative phosphorylation pathway in *Rptor* cKO NK cells, indicating defects in mitochondrial functions ([Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}). This coincides with more than 10-fold induction of *Ppargc1a* in *Rptor* cKO NK cells ([Figure 5B](#fig5){ref-type="fig"}), which is known to be induced under mitochondrial stress conditions ([@bib13]). Besides oxidative phosphorylation, integrin signaling is also defective in *Rptor* cKO NK cells ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). As for *Rictor* cKO NK cells, the PTEN signaling pathway is impaired (p=1.73 × 10^−5^, Z-score = −1.069) as demonstrated by increased expression of receptors (*Insr, Igf1r*) involving growth factors signaling or proteins (*Pik3cd, Pik3r5*) comprising PI(3)K and decreased expression of phosphatase (*Inpp5b*) that dampen the inositol phosphates signaling ([Figure 5E](#fig5){ref-type="fig"}). This indicates that there is a potential positive regulation of PTEN by mTORC2 to balance the PI(3,4,5)P~3~-mediated activation of mTORC2 ([@bib32]).

Altered transcriptome relates to impaired NK cell development {#s2-6}
-------------------------------------------------------------

Using RNA sequencing data, we examined the expression levels of key transcription factors governing different developmental stages of NK cells. The expression of transcription factors such as Nfil3, Id2, and Eomes that are critical for NK cell commitment and early development are reduced in *Rptor* but not in *Rictor* cKO NK cells ([Table 1](#table1){ref-type="table"}, [Figure 5---figure supplement 1C](#fig5s1){ref-type="fig"}). The expression of T-bet and Zeb2 which promote terminal mature NK cell development were significantly reduced in *Rictor* cKO mice ([Table 1](#table1){ref-type="table"}, [Figure 5---figure supplement 1C](#fig5s1){ref-type="fig"}). This expression pattern correlates with early NK cell development impairment in *Rptor* cKO mice versus terminal maturation defect seen in *Rictor* cKO mice ([Figures 1E](#fig1){ref-type="fig"} and [2E](#fig2){ref-type="fig"}).

10.7554/eLife.35619.012

###### mRNA level of key transcription factors governing NK cell development in *Rptor* or *Rictor* cKO NK cells.

                 Raptor                                                     
  -------- ----- -------- -------- -------- -------- ----------- ---------- ---
  key TF   Id2   1        0.0116   0.7037   0.0393   −0.492      1.01E-06   Y
  Nfil3    1     0.024    0.7521   0.1014   −0.379   0.0369946   Y          
  Eomes    1     0.0246   0.758    0.0111   −0.392   1.77E-06    Y          
  Gata3    1     0.0195   0.9258   0.0542   −0.105   0.5441197   N          
  Ets1     1     0.0247   0.6935   0.0272   −0.515   1.37E-08    Y          
  Tox      1     0.0549   1.0158   0.0409   0.02     0.9239868   N          
  Tbx21    1     0.0295   0.7811   0.0306   −0.346   0.0009024   Y          
  Zeb2     1     0.0826   1.5004   0.1377   0.546    0.0005179   Y          
  Prdm1    1     0.0925   1.1062   0.2453   0.102    0.8261435   N          

                 Rictor                                                      
  -------- ----- -------- -------- -------- -------- ----------- ----------- ---
  key TF   Id2   1        0.1133   1.0699   0.0271   0.088       0.8182466   N
  Nfil3    1     0.0354   0.9495   0.0635   −0.069   0.8687849   N           
  Eomes    1     0.0408   1.0366   0.0362   0.049    0.8800234   N           
  Gata3    1     0.0118   1.0105   0.0283   0.014    0.9839612   N           
  Ets1     1     0.0516   0.8081   0.0529   −0.287   0.0117066   Y           
  Tox      1     0.0457   0.7144   0.0379   −0.442   0.0001058   Y           
  Tbx21    1     0.0562   0.7603   0.073    −0.357   0.0065806   Y           
  Zeb2     1     0.0084   0.7995   0.0323   −0.298   0.0137732   Y           
  Prdm1    1     0.1397   1.0292   0.1234   0.026    0.9839612   N           

Although Nfil3 has been proposed to induce Id2 and Eomes ([@bib33]), *Ncr1^iCre^*-mediated deletion of *Nfil3* does not alter the development of NK cells ([@bib14]). Therefore, we next focused our analyses on Id2 and Eomes since deficiency of either of them renders similar developmental defects as in the *Rptor* cKO mice ([@bib7]; [@bib15]). Delconte et al. have shown that Id2 is critical to suppress the expression of E-protein target genes during NK cell development. However, we did not find induction of those E-protein target genes in *Rptor* cKO NK cells ([Supplementary file 1](#supp1){ref-type="supplementary-material"}). On the contrary, compared with the WT controls, we found a significant enrichment of Eomes target genes in *Rptor* cKO NK cells (p=6.11 × 10^−3^, Z-score = −0.988) ([Figure 5F](#fig5){ref-type="fig"}). This indicates that the deficiency of Eomes in *Rptor* cKO NK cells is more likely to be responsible for the developmental defects.

In addition, we identified that both Raptor and Rictor deficiency results in reduced transcripts level of *S1pr5* ([Figure 5B and C](#fig5){ref-type="fig"}). This further implies the migration defects of both Raptor- and Rictor-deficient NK cells. Moreover, an increase in the transcript level of *Socs2* in *Rictor* cKO NK cells ([Figure 5C](#fig5){ref-type="fig"}) may contribute to their impaired proliferation and reduced cellularity ([@bib29]). Related to NK cell effector functions, the RNA sequencing data revealed that Rictor, but not Raptor, deficiency results in reduced transcripts level of *Ifng* and *Gzmb* ([Figure 5B and C](#fig5){ref-type="fig"}). In fact, the mRNA level of Granzyme B is significantly increased in *Rptor* cKO NK cells ([Figure 5B](#fig5){ref-type="fig"}). Loss of Raptor or Rictor impaired the expression of Ccl3 and Ccl4 ([Figure 5B and C](#fig5){ref-type="fig"}).

Hyperactive FoxO1 potentially results in impaired T-bet expression in *Rictor* cKO NK cells {#s2-7}
-------------------------------------------------------------------------------------------

Consistent with reduced T-bet expression in mRNA ([Table 1](#table1){ref-type="table"}) and protein level ([Figure 3D](#fig3){ref-type="fig"}), we found a significant enrichment of T-bet target genes (p=4.59 × 10^−14^, Z-score = −1.429) in *Rictor* cKO NK cells ([Figure 6A](#fig6){ref-type="fig"}). The well-established T-bet-induced genes (*Klrg1*, *Ifng*, *Gzmb*, *S1pr5*, *Zeb2*) ([@bib49]) were reduced in *Rictor* cKO NK cells ([Figures 6A](#fig6){ref-type="fig"} and [5C](#fig5){ref-type="fig"}). Next, we seek to uncover the mechanism through which mTORC2 regulates the expression of T-bet. Earlier work showed that mTORC2 phosphorylates Serine^473^ on Akt, which is critical for Akt to phosphorylate FoxO transcription factors ([@bib1]; [@bib18]). After Akt-mediated phosphorylation, modulator protein 14-3-3 binds to FoxO transcription factors and reduces their transcriptional activity by blocking DNA binding and accelerating nuclear exportation ([@bib1]; [@bib2]). Among the FoxO families, FoxO1 is the most abundant one expressed in NK cells and has been shown to negatively regulate the terminal maturation of NK cells by suppressing the transcription of *Tbx21* ([@bib8]; [@bib55]). Thus, we hypothesized that mTORC2 regulates T-bet expression through the Akt^S473^-FoxO1 axis.

![mTORC2 is required for T-bet expression through regulation of FoxO1 during NK cell development.\
(**A**) Enrichment of T-bet target genes in *Rictor* cKO NK cells as shown via the heatmap. (**B**) Histogram demonstrating phosphorylation of Akt^S473^ (top) and FoxO1^T24^/FoxO3a^T32^ (bottom) in NK cells from BM of WT or *Rictor* cKO mice. The histogram in grey presents the isotype control. A representative of two or three independent experiments. (**C**) Enrichment of FoxO1 target genes in *Rictor* cKO NK cells as shown via the heatmap. (**D**) The mRNA level of *Tbx21*, *Bcl2*, *Klf2*, *IL7r,* and *Ccr7* were evaluated by RT-qPCR with sorted fresh CD27^+^ NK cells from BM and spleen of WT or *Rictor* cKO mice. The data were shown as fold change normalized to WT. n = 3--5 pooled from three to five independent experiments. All bar graphs present the mean ± SD expect (**D**) which is shown as the mean ± SEM. Statistical significance was calculated using two-way ANOVA. \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.](elife-35619-fig6){#fig6}

To test this hypothesis, we first evaluated the phosphorylation of Akt and FoxO1. Lack of Rictor resulted in a reduced level of Akt^S473^ phosphorylation in the NK cells from BM ([Figure 6B](#fig6){ref-type="fig"}, top). Consistent with this, we also detected reduced phosphorylation of FoxO1^T24^ in these *Rictor* cKO NK cells ([Figure 6B](#fig6){ref-type="fig"}, bottom). These data suggested that the transcriptional activity of FoxO1 is higher in *Rictor* cKO compared to WT NK cells. Indeed, we found a significant enrichment of FoxO1 target genes (p=4.46 × 10--9, Z-score = 1.719) in *Rictor* cKO NK cells compared with WT in the IPA analyses ([Figure 6C](#fig6){ref-type="fig"}). Ouyang W et al. established a FoxO1-dependent transcriptional program in regulatory T cells (Tregs) through comparing transcriptome among WT, FoxO1 KO and FoxO1 constitutively active Tregs ([@bib41]). Utilizing FoxO1 target genes described by these authors, we performed gene enrichment analyses of the *Rictor* cKO RNAseq data. Consistent with the IPA analyses, our Fisher's exact test showed enrichment of the FoxO1-target genes with p-value equal to 1.32 × 10^−10^, emphasizing a hyperactive FoxO1 in the *Rictor* cKO NK cells. We further validated several well-established FoxO1 target genes by RT-qPCR using NK cells from both BM and spleen. Consistent with the RNA sequencing data, we found reduced mRNA level of *Tbx21* in CD27^+^ NK cell subset from both BM and spleen of *Rictor* cKO mice ([Figure 6D](#fig6){ref-type="fig"}). We also found significantly elevated mRNA level of known FoxO1 activated genes including *Bcl2*, *Klf2*, *Il7r* and *Ccr7* in the CD27^+^ *Rictor* cKO NK cells compared to the WT ([Figure 6D](#fig6){ref-type="fig"}) ([@bib26]; [@bib41]). This is also consistent with higher cell surface expression of IL-7Rα and Ccr7 ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). Based on these, we conclude that the impaired mTORC2-Akt^S473^-FoxO1 signaling axis results in hyperactive FoxO1 that potentially suppresses the expression of T-bet in *Rictor* cKO NK cells.

Disruption of mTORC2 does not affect mTORC1 activation {#s2-8}
------------------------------------------------------

mTORC2 phosphorylates Akt at Serine^473^ and induces maximal kinase activity of Akt ([@bib18]). Given that Akt is an upstream activator of mTORC1, we investigated whether a reduction in Akt kinase activity resulting from mTORC2 disruption affects mTORC1 activation. Being downstream of mTORC1, phosphorylation of rpS6 is nearly abolished in Raptor-deficient NK cells, as expected ([Figure 7A](#fig7){ref-type="fig"}, left). Important, deficiency of mTORC2 does not perturb mTORC1 signaling as phosphorylation of rpS6 is moderately increased in *Rictor* cKO compared to WT NK cells ([Figure 7A](#fig7){ref-type="fig"}, right). The moderate augmentation in mTORC1 activity could potentially result from reduced PTEN signaling as indicated by the RNA sequencing data ([Figure 5E](#fig5){ref-type="fig"}). On the other hand, we did observe a moderate decrease in mTORC2 activity indicated by phosphorylation of Akt^S473^ in *Rptor* cKO NK cells stimulated with IL-15 ([Figure 7B](#fig7){ref-type="fig"}, left). This is potentially due to reduced expression of IL-15/IL-2 receptor β chain (CD122) as the phosphorylation of STAT5 is also moderately reduced in *Rptor* cKO NK cells ([Figure 4A and B](#fig4){ref-type="fig"}). As expected, Akt^S473^ phosphorylation was abolished in *Rictor* cKO NK cells ([Figure 7B](#fig7){ref-type="fig"}, right). Based on these, we conclude that disruption of mTORC2 does not affect IL-15-mediated mTORC1 activation in NK cells.

![Disruption of mTORC2 does not affect mTORC1 activation.\
(**A, B**) Splenocytes from WT, *Rptor* cKO (left) or *Rictor* cKO mice (right) were stimulated with either medium or 100 ng/mL IL-15 for 1 hr. Phosphorylation of rpS6^S240/244^ (**A**) and Akt^S473^ (**B**) were detected by phosphor-flow and shown as the representative histogram of three independent experiments.](elife-35619-fig7){#fig7}

Defective anti-tumor response in *Rptor* or *Rictor* cKO mice {#s2-9}
-------------------------------------------------------------

To this end, our detailed analyses revealed that both mTORC1 and mTORC2 are critical to the development of NK cells. Next, we asked whether the developmental defects resulting from Raptor or Rictor deficiency might affect physiological response. To address this question, we challenged *Rptor* or *Rictor* cKO mice with B16F10 melanoma cells via tail vein injection, which establishes the lung metastasis tumor model. The critical role of NK cells in anti-tumor immunity has been well established in this model ([@bib11]; [@bib16]; [@bib30]). Compared to corresponding WT control mice, the tumor metastases were much more severe in the lungs of *Rptor* or *Rictor* cKO mice ([Figure 8A](#fig8){ref-type="fig"} − D). The significant reduction of NK cell number and the terminal mature NK cells in both of the cKO mice might contribute to this defective antitumor response. To further investigate the functional defects in these mice, we conducted *in vivo* splenocytes rejection assay using *B2m*^−/−^ cells, 'missing-self' targets sensitive to NK cells. Similar to the B16F10 tumor challenge, the clearance efficiency of the transferred β~2~-microglobulin-deficient targets cells was significantly impaired in *Rptor* or *Rictor* cKO mice ([Figure 8C and D](#fig8){ref-type="fig"}). Taken together, these data demonstrated that the NK-cell-mediated anti-tumor response is defective in *Rptor* or *Rictor* cKO mice.

![Impaired antitumor activity in *Rptor* or *Rictor* cKO mice.\
(**A−D**) 200,000 B16F10 tumor cells were intravenously injected into *Rptor* (**A, B**) or *Rictor* (**C, D**) cKO mice and their corresponding WT control mice. 14 days post-injection, the lungs were perfused with PBS and harvested for image acquisition (**A, C**) and HE staining (**B, D**; Scale bars represent 2.5 mm, and the right side are the 10X exploded view of select regions). The representative images were shown. n = 3--6 for each genotype from two independent experiments. (**C, D**) CTV-labeled splenocytes from WT C57BL/6 mice were mixed with CTV/CTR-double-labeled splenocytes from *B2m*^−/−^ C57BL/6 mice at 1:1 ratio. Total 5 × 10^6^ cells mixed cells were i.v. injected to *Rptor* (**E**) or *Rictor* (**F**) cKO mice and their corresponding WT control mice. 18 hr post-injection, the splenocytes from recipient mice were analyzed by flow cytometry. The percentages of WT and *B2m*^−/−^ lymphocytes were analyzed as the representative histogram (left, gated on CTV^+^ lymphocytes). The percentage cytotoxicity was also calculated (right). n = 4--5, pooled from two independent experiments. All bar graphs present the mean ± SD. Statistical significance was calculated using unpaired Student t-test. \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.](elife-35619-fig8){#fig8}

mTORC1 is essential to the effector functions of NK cells {#s2-10}
---------------------------------------------------------

Next, we evaluate the effector functions of Raptor- or Rictor-deficient NK cells at per cell level. In vivo Poly (I:C)-activating splenocytes were co-cultured with NK cell-sensitive target RMA/s cells or stimulated with IL-12/IL-18 or PMA/Ionomycin. Degranulation (indicated by CD107a expression) and IFN-γ generation were evaluated by flow cytometry. Compared to WT control, Raptor-deficient NK cells had significantly reduced degranulation, and almost abolished IFN-γ production when stimulated by RMA/s cells ([Figure 9A and B](#fig9){ref-type="fig"}). Consistent with previous findings ([@bib34]), mTORC1 is not required for IL-12/IL-18-mediated IFN-γ production ([Figure 9A and B](#fig9){ref-type="fig"}). We also observed impaired effector functions of Raptor-deficient NK cells when stimulated with PMA/Ionomycin ([Figure 9A and B](#fig9){ref-type="fig"}). In contrast, the effector functions of *Rictor* cKO NK cells are intact regardless of the type of stimuli ([Figure 9C and D](#fig9){ref-type="fig"}). To further evaluate the role of mTORC1 and mTORC2 in the effector functions of NK cells, we used IL-2-activated NK cells *in vitro*. Consistent with the critical role of mTORC1 downstream of IL-2 in regulating cell growth and proliferation, the Raptor-deficient NK cells expand poorly in culture. Thus, we used Rapamycin as a surrogate to acutely inhibit mTORC1. Rictor-deficient NK cells respond to IL-2 and expand normally as their WT control, consistent with relatively optimal CD122 expression and STAT5 signaling ([Figure 4C and D](#fig4){ref-type="fig"}). We used standard ^51^Cr-release assay to assess the cytotoxicity potential of NK cells against various target cell lines. Neither inhibition of mTORC1 by Rapamycin nor Rictor deficiency resulted in changes in the ability of NK cells to lyse the sensitive targets ([Figure 9---figure supplement 1A and B](#fig9s1){ref-type="fig"}), indicating that both mTOR complexes are dispensable for the conjugate formation and delivery of cytolytic vesicles. The degranulation defects seen in the *in vivo* Poly (I:C)-activated Raptor-deficient NK cells ([Figure 9A and B](#fig9){ref-type="fig"}) potentially results from the reduced storage of cytolytic granules as mTORC1 is critical in cytokines-mediated priming of NK cells ([@bib34]; [@bib38]). As for cytokine generation, Rapamycin inhibits the production of IFN-γ downstream of activating receptor NKG2D, but not PMA/Ionomycin ([Figure 9---figure supplement 1C](#fig9s1){ref-type="fig"}). Consistent with the *ex vivo* functional assay ([Figure 9C and D](#fig9){ref-type="fig"}), IL-2-activated Rictor-deficient NK cells produce IFN-γ comparable to the WT control ([Figure 9---figure supplement 1D](#fig9s1){ref-type="fig"}). In summary, these data demonstrate that mTORC1, but not mTORC2, is critical to the effector functions of NK cells.

![mTORC1 is critical for the effector function of NK cells.\
*In vivo* Poly (**I:C**)-activated splenocytes were co-cultured with RMA/s target cells or stimulated with IL-12/IL-18 or PMA/Ionomycin for 6 hr. Medium and RMA target cells were used as the control groups. Degranulation (indicated by CD107a expression) and IFN-γ generation were assessed by flow cytometry. (**A**) Representative flow plots demonstrating the expression of CD107a and IFN-γ on gated NK cells from *Rptor* cKO and WT mice in different stimuli. (**B**) Percentage CD107a^+^, IFN-γ+NK cells from *Rptor* cKO and WT mice in different stimuli were quantified. The MFI of IFN-γ was normalized to WT in each condition. n ≥ 5, pooled from four independent experiments. (**C, D**) Expression of CD107a and IFN-γ in NK cells from *Rictor* cKO and WT mice (as shown in **A** and **B**). n = 3, pooled from three independent experiments. All bar graphs present the mean ± SD. Statistical significance was calculated using two-way ANOVA. \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.](elife-35619-fig9){#fig9}

Discussion {#s3}
==========

 mTOR plays a critical role in the development and functions of various immune cells ([@bib43]; [@bib56]). In NK cells, the earlier study revealed the essential role of mTOR in controlling development following Ncr1 expression ([@bib34]). This study revealed that lack of mTOR resulted in an impairment in the transition of CD27 SP to DP and defective IL-15-mediated STAT5 activation. , Irrespective of these findings, the independent roles of mTORC1 and mTORC2 remains unknown. Moreover, it is impossible to elucidate the precise molecular mechanisms by which mTOR regulate distinct developmental progression of NK cells with the concurrent loss of both mTORC1 and mTORC2. Therefore, we generated *Ncr1^iCre^*-mediated conditional deletion of *Rptor* or *Rictor* to disrupt mTORC1 or mTORC2 specifically in NK cells. Phenotypic analyses revealed that both mTOR complexes are critical for the homeostasis of NK cells and that the independent disruption of mTORC1 or mTORC2 results in defective NK cell maturation at distinct developmental stages. The differential alteration of the expression of Eomes and T-bet in *Rptor* or *Rictor* cKO mice provide a potential mechanistic explanation for the maturation defects. In the physiological context, neither *Rptor* nor *Rictor* cKO mice demonstrated robust NK cell-mediated antitumor responses, highlighting the biological consequences of lacking either mTORC1 or mTORC2.

In *Rptor* cKO mice, the homeostatic NK cellularity is disrupted as evidenced by reduced NK cell number in the periphery, reduced steady-state proliferation and impaired migration *in vitro*. Moreover, exclusive loss of mTORC1 significantly impairs NK cell maturation, as demonstrated by accumulation of CD27 SP population and reduced DP and CD11b SP populations. This defect may directly contribute to the accumulated NK cells in the BM, as they gradually obtain migratory capacity following CD11b expression ([@bib35]). Despite our findings using *Rptor* cKO mice, *Ncr1^Cre^*-mediated deletion of *Pdpk1* or *Tsc1* did not have any impact on NK cell development ([@bib60]; [@bib61]). This suggests that following *Ncr1* expression, mTORC1 is potentially activated through an alternative mechanism instead of the canonical PI3K-PDK1-Akt-TSC1/2-mTORC1 pathway. In addition, mTORC1 is also likely critical for early NK cell commitment and development at pre-Ncr1 stages based on the phenotype seen in *Pdpk1^fl/fl^ Vav1^Cre^* mice ([@bib61]). Further work is required to elucidate these up-stream mechanisms that regulate mTORC1 signaling. mTORC1 regulates protein translation through various mechanisms. One of which directly affects the translation of proteins comprising the translational machinery such as eIFs, eEFs, and ribosomal proteins ([@bib36]; [@bib52]). However, less is known about the regulation of these proteins at the transcriptional level, especially related to the loss of mTORC1. In this context, our RNAseq analyses revealed that selective disruption of mTORC1 leads to increased transcripts level of eIFs, eEFs, and ribosomal proteins, implying an alternative pathway that compensates the protein translation defects. Gene ontology analyses also revealed that oxidative phosphorylation and integrin signaling are impaired in *Rptor* cKO NK cells. These findings are novel and have not been implicated with mTORC1 in lymphocytes. These observations warrant future studies especially related to the effector functions of NK cells.

NK cell maturation is driven by the temporally-regulated production of key transcription factors at distinct developmental stages ([@bib21]). Our RNAseq analyses revealed that expression of key transcription factors (Nfil3, Id2, Eomes) that govern early NK cell development are impaired in *Rptor* cKO but not in *Rictor* cKO NK cells, correlating with the early developmental defects in *Rptor* cKO mice. Among those three transcription factors, Nfil3 is dispensable for the development of NK cells following *Ncr1* expression ([@bib14]). Although both Id2- and Eomes-deficient NK cells have similar developmental phenotype as *Rptor* cKO NK cells ([@bib7]; [@bib15]), we did not detect increased expression of E-protein genes that are suppressed by Id2 in NK cells ([@bib7]). On the other hand, we found significantly reduced expression of Eomes protein and enrichment of Eomes target genes in *Rptor* cKO NK cells. This indicates that among those three transcription factors, the reduced Eomes expression is more likely responsible for the maturation defects due to the exclusive loss of mTORC1.

Compared to mTORC1, less is known about mTORC2, mainly due to the lack of mTORC2-specific inhibitors; however, through using the *Ncr1^iCre^* mice model, we are able to study the independent role of mTORC2 specifically in NK cells. Our data reveal that mTORC2 is essential for the development of NK cells. NK cell number is significantly reduced in the periphery of *Rictor* cKO mice, and this impairment potentially results from reduced steady-state proliferation. Unlike the early maturation impairment at CD27 SP to DP transition by the loss of mTORC1, deletion of *Rictor* causes a defect during the transition from the DP to CD11b SP stage. Importantly, when we assess the expression of T-box transcription factors, Eomes expression is comparable between WT and *Rictor* cKO NK cells, which is consistent with an unaltered transition from CD27 SP to DP stages. This indicates that mTORC1 activation is not affected in Rictor-deficient NK cells during development. The *in vitro* IL-15 stimulation further proves that mTORC2 deficiency did not affect mTORC1 activation despite diminished Akt^S473^ phosphorylation. In contrast, the expression of T-bet is significantly reduced in *Rictor* cKO NK cells, which correlates with the impairment in terminal maturation. Mechanistically, Rictor but not Raptor deficiency results in hyperactive FoxO1 due to abolished mTORC2-Akt^S473^-FoxO1 signaling regulation. FoxO1 has been shown to directly bind the promoter region of T-bet and suppress its expression. However, the upstream signaling pathway that releases the suppression of T-bet from FoxO1 has not been established during NK cell development. RNAseq analyses revealed a hyperactive FoxO1 phenotype in Rictor-deficient NK cells. Reduced steady-state phosphorylation of FoxO1 further emphasizes a more functionally active FoxO1 in the absence of mTORC2 due to abolished Akt^S473^ phosphorylation. Thus, the hyperactive FoxO1 suppresses T-bet expression at transcriptional level in *Rictor* cKO NK cells. While this pathway has previously been shown to control CD8 T cell memory differentiation ([@bib42]; [@bib63]), our work establishes that during NK cell development, stimuli (presumably IL-15) activate mTORC2-Akt^S473^-FoxO1 signaling cascade that reveals the suppression of T-bet from FoxO1 and this signaling axis is indispensable to maintain NK cell homeostasis and drive terminal maturation. The RNAseq analyses also revealed that PTEN signaling is impaired in *Rictor* cKO NK cells, which indicates a balanced activation loop consists of PI(3)K-PI(3,4,5)P3-mTORC2-PTEN. This may contribute to the moderately increased mTORC1 activity in *Rictor* cKO NK cells. Future work is warranted to explore this phenomenon. The overall effector functions are normal in Poly (I:C)-primed or IL-2-cultured Rictor-deficient NK cells.

In summary, our study establishes the differential and independent roles of mTORC1 and mTORC2 in the development of NK cells. Our study implies that careful considerations should be taken when utilizing mTOR inhibitors following hematopoietic stem cell transplantation since manipulation of mTOR complexes can potentially compromise NK cell development and repopulation.

Materials and methods {#s4}
=====================

Mice, cell lines, and reagents {#s4-1}
------------------------------

*Rptor^fl/fl^ and Rictor^fl/fl^* mice were purchased from the Jackson Laboratory (Bar Harbor, ME). *Ncr1^iCre^* mice were a generous gift from Dr. Eric Vivier ([@bib39]). All mice are in the C57BL/6 background. The *Rptor^fl/fl^* or *Rictor^fl/fl^* mice (WT) were bred with *Ncr1^iCre^* mice to obtain *Rptor^fl/fl^ Ncr1^Cre/WT^* (*Rptor* cKO) or *Rictor^fl/fl^ Ncr1^Cre/WT^* mice (*Rictor* cKO). All mice were maintained in pathogen-free conditions at the Biological Resource Center at the Medical College of Wisconsin. Female and male littermate mice between the ages of 8 to 12 weeks were used. All animal protocols were approved by Institutional Animal Care and Use Committees. The following antibodies and reagents were used in this study. EL4, RMA, RMA/S, and YAC-1 cell lines were purchased from ATCC (Rockville, MD) and maintained in RPMI-1640 medium containing 10% heat-inactivated FBS (Life Technologies, Grand Island, NY). Generation of *H60*-expressing EL4 stable cell lines has been described ([@bib44]). Authenticity of RMA and RMA/s were tested by the levels of MHC-Class I (H2-K^b^ and H2-D^b^). EL4^H60^ and EL4 were validated by the presence of cell-surface H60 protein. YAC-1 was tested by the absence of H-2^b^ and the presence of H-2^a^ markers. All these cell lines were regularly tested and are negative for mycoplasma. CD3 (17A2), NK1.1 (PK136), CD49b (DX5), CD27 (LG.7F9), CD11b (M1/70), KLRG1 (2F1), NCR1 (29A1.4), NKG2D (CX5), Ly49H (3D10), NKG2A/C/E (20d5), CD122 (5H4 or TM-b1), Ki-67 (SolA15), Eomes (Dan11mag), T-bet (4B10), CD127 (A7R34), CD244.2 (eBio244F4), CD107a (eBio1D4B), IFN-γ (XMG1.2), Streptavidin-PE, Donkey anti-Rabbit second antibodies are from Thermo-Fisher Scientific (Waltham, MA); Ly49D (4E5), CD45.2 (104), CD132 (TUGm2), CD135 (A2F10), Biotin-Ccr7 (4B12) are from Biolegend (San Diego, CA); Ly49A (A1), Ly49G2 (4D11), Ly49C/I (5E6), p-STAT5^Y694^ (47) are from BD Pharmingen (San Jose, CA); Raptor (24C12), Rictor (53A2), p-Akt^S473^ (D9E), p-rpS6^S240/244^ (D68F8), p-4E-BP1^T37/46^ (236B4), p-FoxO1^T24^/FoxO3a^T32^ are from Cell Signaling Technology (Danvers, MA); β-Actin (ACTBD11B7) is from Santa Cruz Biotechnology (Dallas, TX). Recombinant murine IL-15 is from Peprotech (Rocky Hill, NJ).

Cell separation, flow cytometry, and cell sorting. {#s4-2}
--------------------------------------------------

BM cells were flushed, and a single-cell suspension was made by passing through the syringe/needles. Cells from spleen and lymph nodes were prepared by gently grinding the dissected organs with micro slides (VWR, Radnor, PA). Blood was drawn from the cheeks and mixed with 3.8% sodium citrate (Ricca Chemical Company, Batesville, IN). Red blood cells were lysed by RBC lysis buffer (Thermo-Fisher Scientific, Waltham, MA). For liver lymphocytes acquisition, 10 mL PBS was injected into a hepatic artery to perfuse the blood from the liver. After dissecting and grinding the liver, lymphocytes were separate through Percoll (Sigma, St. Louis, MO) gradient centrifugation (40% and 60%). Flow cytometry analyses were conducted in LSR-II (BD Biosciences, San Jose, CA) or MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany) and analyzed with FlowJo software (FlowJo LLC, Ashland, OR). For cell sorting, NK cells were first enriched using negative selection kit (STEMCELL Technologies, Vancouver, Canada). The specific subsets of NK cells were further sorted by FACSAria (BD Biosciences, San Jose, CA), and the purity was generally above 95%.

Intracellular staining and phosphor-flow {#s4-3}
----------------------------------------

Ki-67, Eomes, and T-bet intracellular staining were conducted using Foxp3/Transcription Factor Staining Buffer Set (Thermo-Fisher Scientific, Waltham, MA). For phosphor-flow analysis, BD Phosflow Lyse/Fix Buffer and Perm Buffer III were used (BD Biosciences, San Jose, CA). All procedures were performed following instructions from manufactures.

Western blotting {#s4-4}
----------------

Fresh FACS-sorted or IL-2-cultured NK cells were lysed in ice-cold 0.3% CHAPS lysis buffer (25 mM HEPES, pH 7.4; 150 mM NaCl; 1 mM EDTA and 0.3% CHAPS) with phosphatase inhibitor cocktail, PhosSTOP (Roche Diagnostics GmbH, Mannheim, Germany) and proteinase inhibitor cocktail (Sigma, St Louis, MO). Lysates were incubated for 30 min on ice, centrifuged at 15,000 *g* for 10 min at 4°C. For Western blotting, cell lysates were separated by SDS-PAGE; transferred to PVDF membrane and probed with primary and the secondary Abs conjugated with horseradish peroxidase. The signal was detected by autoradiography films (LabScientific Inc., Livingston, NJ).

Real-time PCR {#s4-5}
-------------

Total RNA was extracted from sorted cells using RNeasy Micro Kit (Qiagen, Hilden, Germany). Reverse transcription was conducted using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). qPCR were performed in Applied Biosystem 7500 (Thermo-Fisher Scientific, Waltham, MA) with SYBR Green-based detection. The transcript levels of β-Actin were used as a control. Primers used for the qPCR reactions in this study were as follows: *Tbx21*-F: 5′-GCCAGGGAACCGCTTATATG-3′, *Tbx21*-R: 5′-GACGATCATCTGGGTCACATTGT-3′; *S1pr5*-F: 5′-GCCTGGTGCCTACTGCTACAG-3′, *S1pr5*-R: 5′-CCTCCGTCGCTGGCTATTTCC-3′; *Bcl2*-F: 5′-CTCGTCGCTACCGTCGTGACTTCG-3′, *Bcl2*-R:5′-CAGATGCCGGTTCAGGTACTCAGTC-3′; *Klf2*-F: 5′-CTCAGCGAGCCTATCTTG-3′, *Klf2*-R: 5′-AGAGGATGAAGTCCAACAC-3′; *Il7r*-F: 5′-GACTACAGAGATGGTGACAG-3′, *Il7r*-R: 5′-GGTGACATACGCTTCTTCT-3′; *Ccr7*-F: 5′-CCAGCAAGCAGCTCAACATT-3′; *Ccr7*-R: 5′-GCCGATGAAGGCATACAAGA-3′; *Αctb*-F: 5′-GGCTGTATTCCCCTCCATCG-3′, *Αctb*-R: 5′-CCAGTTGGTAACAATGCCATGT-3′.

RNA sequencing {#s4-6}
--------------

Total RNA was extracted by Trizol from CD11b^−^ BM NK cells from littermate WT and *Rptor* cKO mice or CD27^+^ BM NK cells from littermate WT and *Rictor* cKO mice. (n = 3 per group), followed by poly-A-purification, transcription, and chemically fragmentation using Illumina's TruSeq RNA library kit using the manufacturer's protocol (Illumina, Inc., San Diego, CA). Individual libraries were prepared for each sample, indexed for multiplexing, and then sequenced on an Illumina HiSeq2500. The Trim Galore program (v0.4.1) was used to trim bases with a Phred quality score \<20 \[https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/\] and only reads with a Phred quality score equal or higher than 20 were taken for analysis. The RSEM program function 'rsem-prepare-reference' (v1.3.0) was used to extract the transcript sequences from the mouse genome (Build GRCm38) \[PMID: 21816040\] and to generate Bowtie2 indices (Bowtie2 v2.2.8) \[PMID: 22388286\], followed by read alignment using the 'rsem-calculate-expression' function. Differential expression analysis was performed using the Bioconductor package DESeq2 version 1.12.4 \[PMID: 25516281\] to compute log2 fold changes and false discovery rate-adjusted p-values. Statistical significance was determined at a false discovery rate threshold of 0.05. Data were analyzed for molecular and functional pathway enrichment using Ingenuity Pathway Analysis (IPA; Qiagen, Redwood City, CA).

B16F10 lung metastasis model {#s4-7}
----------------------------

B16F10 melanoma cells growing in log phase were harvested and resuspended in PBS. 2 × 10^5^ cells were injected into mice through the tail vein. 14 days post-injection, the recipient mice were sacrificed. The lungs were perfused with 20 mL PBS and dissected for image acquisition.

*In vivo* splenocytes rejection assay {#s4-8}
-------------------------------------

Splenocytes from WT C57BL/6 mice and *B2m*^−/−^ C57BL/6 mice were harvested and labeled with Cell Trace Violet (CTV) or CTV plus Cell Trace Red (CTR), respectively. Then, the WT and *B2m*^−/−^ splenocytes were mixed at 1:1 ratio. The exact percentage of WT and *B2m*^−/−^ cells (within lymphocytes gate) in the mixture was analyzed by flow cytometry before injection. The ratio of *B2m*^−/−^/WT before the injection is marked as R~pre~. Total 5 × 10^6^ cells mixed cells were then retro-orbitally injected into recipient mice. 18 hr post-injection, the splenocytes from recipient mice were analyzed by flow cytometry. The percentages of WT and *B2m*^−/−^ cells within the lymphocytes gate were acquired. The ratio of *B2m*^−/−^/WT after injection was marked as R~post~. Percentage clearance was calculated as: % Clearance = \[1-(R~post~/R~pre~)\]×100.

*In vitro* cytotoxicity assay {#s4-9}
-----------------------------

Chromium-51 (^51^Cr)-labeled target cells were co-cultured with NK cells at a varied effector to target (E:T) ratios for 4 hr. Percent specific lysis was calculated using amounts of absolute, spontaneous, and experimental ^51^Cr-release from target cells.

*In vitro* functional assay {#s4-10}
---------------------------

Poly (I:C) was injected into mice intraperitoneally (10 μg/g). 18 hr later, 2 × 10^6^ splenocytes were either co-cultured with 2 × 10^6^ target cells or stimulated with IL-12/IL-18 (10/10 ng/mL), PMA/Ionomycin (50/500 ng/mL) in 24-well plate for 6 hr in the presence of CD107a-PE, Monensin (Thermo-Fisher Scientific, Waltham, MA), and Golgi stop (BD Biosciences, San Jose, CA). For IL-2-cultured NK cells, 1 × 10^5^ cells were stimulated with plate-bound anti-NKG2D (2 μg/mL) antibody or PMA/Ionomycin in 96-well plate for 6 hr in the presence of Golgi stop for 6 hr. After stimulation, cells were harvested for surface and intracellular IFN-γ staining.

Statistics {#s4-11}
----------

The data were presented as Mean ± SD except for [Figure 4H](#fig4){ref-type="fig"} which was shown as Mean ± SEM. Statistical analyses were conducted using Prism software (GraphPad, La Jolla, CA). Statistical significance was calculated using unpaired Student t-test or two-way ANOVA for multiple comparisons. The significance is indicated as \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.
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Decision letter

Yokoyama

Wayne M

Reviewing Editor

Howard Hughes Medical Institute, Washington University School of Medicine

United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"mTORC1 and mTORC2 differentially regulate natural killer cell development\" for consideration by *eLife*. Your article has been reviewed by two peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Michel Nussenzweig as the Senior Editor. The following individual involved in review of your submission has agreed to reveal her identity: Megan Cooper (Reviewer \#1).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

The paper was reviewed by two scientists expert in NK cell biology and a member of the Board of Reviewing Editors (BRE). They endeavored to provide a consensus statement and together suggest the authors submit a revised manuscript describing the in vitro functions of Rictor and Raptor ko NK cells as suggested by both reviewers. In addition, the reviewers wondered about the novelty of the findings, given that they were almost exactly as expected, based on the previous findings regarding mTor and NK cells. A revised manuscript should help readers understand why the current manuscript is an advance even though the findings were predictable. FoxO1 deserves more prominence in the Discussion as one reviewer felt that this finding was the more novel findings for NK cells. The full reviews are given below. The authors should endeavor to address all comments in a revised manuscript.

Reviewer \#1:

This manuscript by Yang et al. investigate the requirements for mTORC1 and mTORC2 on NK cell development and homeostasis using a genetic model. Overall, the manuscript presents novel findings and provides significant insight into mechanisms regulating NK cell development. The experiments are well-controlled and the manuscript is well-written. The authors use an NKp46-specific iCre mouse to target Rptor and Rictor, primary components of the mTORC1 and mTORC2 complexes respectively. They performed a phenotypic analysis of the NK compartment and demonstrate a block in early NK cell differentiation with Rptor ko and a block in the final stages of NK differentiation with Rictor ko. Analysis of TFs known to be important for NK differentiation reveal Eomes (Rptor) and Tbet (Rictor) as downregulated, as well as differences in CD122 expression and IL-15 signaling. There is some data suggesting impaired BM egress and trafficking including an in vivo assay and decreased mRNA expression of S1PR5, although this is not that developed and it isn\'t clear whether there is truly a trafficking defect. The focus, and strength of the manuscript, is the investigation of the molecular pathways altered by deletion of Rptor and Rictor in NK cells, including analysis of Eomes and Tbet and the identification of hyperactive FoxO1 activity.

There are no in vitro functional assays of the NK cells presented (cytokine production, degranulation, killing). The authors do present in vivo data with reduced cell clearance. However, it is expected that lower NK cell numbers would lead to lower in vivo target clearance (and susceptibility to a tumor model), while in vitro studies would reveal any functional differences on a single cell level.

Reviewer \#2:

The authors specifically delete Raptor and Rictor in NK cells and observe slight differences (between the 2 KO mice) in the impact of deletion on different stages of NK cell maturation. Overall, peripheral NK cell numbers drop 2-3 fold in each KO mouse, nicely demonstrating non-redundancy, and each KO mouse not surprisingly susceptible to B16 tumors. Overall this study is quite descriptive, and relatively incremental given the prior findings demonstrating the importance of mTOR signaling in NK cells.

The NK cells from KO mice could be analyzed in greater depth. For instance, do the KO NK cells kill and secrete cytokines similar to WT on a per cell basis? These standard ex vivo functional assays need to be performed -- and using littermate controls. Does enhanced IL-7R expression (and loss of Eomes) actually mean that ILC1 development is favored over NK cells (and may explain the lack of trafficking because they are now tissue resident)? What might this mean in the context of nutrient sensing during development?

The authors implicate an AKT-FoxO1 pathway in dysregulated gene expression in NK cells when Rictor is ablated, but much of this mechanistic data is very correlative. ChIP studies would validate the authors\' claims of direct regulation of the implicated genes by FoxO1 instead of T-bet (as this transcription factor is increased in Rictor deficient cells).

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for submitting your article \"Raptor and Rictor differentially promote natural killer cell development\" for consideration by *eLife*. Your article has been reviewed by a Reviewing Editor and Michel Nussenzweig as the Senior Editor.

The revised manuscript does not address one of the major concerns cited in the consensus statement. Specifically, mentioned previously was -- \"The reviewers wondered about the novelty of the findings, given that they were almost exactly as expected, based on the previous findings regarding mTor and NK cells. A revised manuscript should help readers understand why the current manuscript is an advance even though the findings were predictable.\"

In the current revised manuscript, it is not clear if this was addressed. We invite you to re-submit another revision that deals with aforementioned criticism. For example, you should better outline the limit of knowledge in the area, not just for NK cells. You should discuss (in the Discussion) what could have been predicted by prior studies, what was not, and discuss why your paper is more than confirmation of predictions. Your work on FoxO1 could be highlighted here. A rebuttal letter outlining these changes should accompany the revised manuscript. Please also outline all changes made in the revised manuscript with respect to the original submission and reviews.

10.7554/eLife.35619.025

Author response

> Reviewer \#1:
>
> \[...\] There are no in vitro functional assays of the NK cells presented (cytokine production, degranulation, killing). The authors do present in vivo data with reduced cell clearance. However, it is expected that lower NK cell numbers would lead to lower in vivo target clearance (and susceptibility to a tumor model), while in vitro studies would reveal any functional differences on a single cell level.

We analyzed the functional capabilities of these NK cells using two different systems.

The first system is in vivo Poly (I:C)-activated NK cells stimulated with NK cell-sensitive target cell line RMA/s, IL-12/18 or PMA/Ionomycin. We included the medium and RMA cell line which is not NK cell sensitive target as the controls. We evaluated the degranulation and IFN-γ generation using flow cytometry. The data demonstrated that Raptor-deficient NK cells have impaired effector functions when stimulated with RMA/s cell lines or PMA/Ionomycin. Consistent with the previous report, mTORC1 seems to be independent for IL-12/18-mediated activation (Figure 9A and B). On the contrary, Rictor-deficient NK cells do not have any functional defects regardless of the type of stimuli (Figure 9C and D).

The second system we used is the IL-2-cultured NK cells. Specifically, NK cells from spleen are expanded in vitro and subject to functional assay. Due to the pool expansion of Raptor-deficient NK cells, we used Rapamycin to acutely inhibit mTORC1 as the surrogate. The cytolytic potential of NK cells is not affected either by Rapamycin (Figure 9---figure supplement 1A) or Rictor deficiency (Figure 9---figure supplement 1B), indicating that neither mTOR complex is involved in degranulation progress. As for cytokine generation, mTORC1, but not mTORC2, is required for IFN-γ production downstream of activating receptor NKG2D (Figure 9---figure supplement 1C and D).

In summary, our data indicate that mTORC1 is essential for the effector function of NK cells, and mTORC2 is not critical for these processes. These additional data are included in the revised manuscript (Figure 9 and Figure 9---figure supplement 1).

> Reviewer \#2:
>
> \[...\] The NK cells from KO mice could be analyzed in greater depth. For instance, do the KO NK cells kill and secrete cytokines similar to WT on a per cell basis? These standard ex vivo functional assays need to be performed -- and using littermate controls. Does enhanced IL-7R expression (and loss of Eomes) actually mean that ILC1 development is favored over NK cells (and may explain the lack of trafficking because they are now tissue resident)? What might this mean in the context of nutrient sensing during development?

Throughout this study, we have used the respective littermate controls (*Rptor^fl/fl^*and *Rictor^fl/fl^*).

As for the standard functional assay, please see the response to the specific comments from reviewer \#1.

As for the enhanced IL-7R expression, it was seen in Rictor-deficient NK cells which do not have a defect in Eomes expression (Figure 3C). We do not think that ILC1 development is favored over NK cells in the *Rictor* cKO mice due to the fact that T-bet expression is significantly reduced, which implies defects in ILC1 development (Figure 3D).

> The authors implicate an AKT-FoxO1 pathway in dysregulated gene expression in NK cells when Rictor is ablated, but much of this mechanistic data is very correlative. ChIP studies would validate the authors\' claims of direct regulation of the implicated genes by FoxO1 instead of T-bet (as this transcription factor is increased in Rictor deficient cells).

We agree that ChIP assay will further strengthen our argument on the suppression of T-bet expression by hyperactive FoxO1 in Rictor-deficient NK cells. However, ChIP experiment requires a large number of cells. With the developmental defects in the cKO mice, it is technically challenging for us to conduct the ChIP assay.

To clarify the misunderstanding, the expression of T-bet is reduced in both mRNA and protein level in NK cells from *Rictor* cKO mice.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> The revised manuscript does not address one of the major concerns cited in the consensus statement. Specifically, mentioned previously was -- \"The reviewers wondered about the novelty of the findings, given that they were almost exactly as expected, based on the previous findings regarding mTor and NK cells. A revised manuscript should help readers understand why the current manuscript is an advance even though the findings were predictable.\"
>
> In the current revised manuscript, it is not clear if this was addressed. We invite you to re-submit another revision that deals with aforementioned criticism. For example, you should better outline the limit of knowledge in the area, not just for NK cells. You should discuss (in the Discussion) what could have been predicted by prior studies, what was not, and discuss why your paper is more than confirmation of predictions. Your work on FoxO1 could be highlighted here. A rebuttal letter outlining these changes should accompany the revised manuscript. Please also outline all changes made in the revised manuscript with respect to the original submission and reviews.

As suggested by the Editors, we have addressed the major concerns related to

a\) 'novelty of the findings, given that they were almost exactly as expected, based on the previous findings regarding mTor and NK cells' and

b\) 'why the current manuscript is an advance even though the findings were predictable'. Please see our rebuttal addressed below:

"outline the limit of knowledge in the area, not just for NK cells". We have added additional information that describes our limited knowledge related to the signaling pathways that regulate lymphocyte development (Introduction, third paragraph).

"outline the limit of knowledge in the area, not just for NK cells". One of the major unknown is the molecular interplay between mTORC1 and mTORC2 and its functional relevance. We have articulated this in the Introduction, fourth paragraph.

"outline the limit of knowledge in the area, not just for NK cells". We have added emphasis on how our study is an advancement over the previous findings (Introduction, fifth paragraph).

"why the current manuscript is an advance". We have emphasized why independently investigating mTORC1, and mTORC2 is a critical advancement compared to the earlier study using mTOR KO mice (Discussion, first paragraph).

"why the current manuscript is an advance even though the findings were predictable". We summarize our novel findings related to the oxidative phosphorylation and integrin signaling that were impaired in Raptor-deficient NK cells, which were not predicted or discussed by any earlier studies (Discussion, third paragraph).

"why the current manuscript is an advance even though the findings were predictable". We highlight our finding that lack of Rictor did not affect the activation of mTORC1 during NK cell development. This is another critical finding that can neither be predicted nor defined using mTOR-deficient mice (Discussion, fifth paragraph).

"Your work on FoxO1 could be highlighted here". We have highlighted our findings that Rictor-deficient but not Raptor-deficient mice exhibit a hyperactive FoxO1 phenotype in NK cells. Through our study, we have established a novel pathway, mTORC2-AktS473-FoxO1-T-bet in developing NK cells (Discussion, fifth paragraph).
